Abstract. I describe some of the outstanding "big picture" questions in quasar research and how the development of the plasma simulation code Cloudy is being guided to answer them. QSO spectra are complex and challenge even the most sophisticated spectral codes. Particular emphasis is given to a central question -how do the properties of the central black hole and the accretion disk are manifested in the observed spectrum.
INTRODUCTION -UNDERSTANDING QSOs
Quasars are the most distant objects for which we can obtain detailed spectra. Understanding the message contained in their emission-line spectrum has long been a high priority. Once we decipher the meaning of the emission-line intensities we will be able to follow the first steps in the formation of massive structures in the high-redshift universe.
The current thought is that the initial assembly of massive galaxies in the young universe occurs behind a curtain of dust (Silk & Rees 1998) . The forming galaxy is seen as an infrared-luminous starburst galaxy while the central black hole grows by accretion. The quasar phase occurs once the accreting supermassive black hole has grown luminous enough for radiative feedback to clear out the surrounding obstructing material.
The above outline is sweeping, but extremely qualitative. The way to test these ideas and fill in quantitative details is to properly interpret the observed emission-line spectrum. In principle, the line intensities and profiles contain a vast wealth of information about the composition of the gas (Hamann & Ferland 1999; Hamann et al. 2007 ) and about the gas flows that both drive and result from the accretion process. The spectrum is sensitive to the luminosity, accretion rate and mass of the black hole (Boroson 2002) , so if properly deciphered, will tell us much about the evolution of the central engine.
However, there has been a long-standing gap between what we have hoped to learn from QSO spectra and what has actually been possible to do. But we are now in a situation where the observational database, in the form of large-scale surveys such as SDSS (e.g., Richards & Hall 2004; Ferland 2004) , has advanced in such large leaps that a whole new set of trends and correlations are appearing out of the noise. This pace of advance will increase as the larger surveys now planned take place. These offer an exciting new opportunity for making major advances in our understanding of QSOs and Active Galactic Nuclei (AGN) by interpreting their emission-line spectra.
KEY SCIENTIFIC QUESTIONS DRIVING THIS RESEARCH
The following sections describe some aspects of the spectral simulation code Cloudy. But first I start with some of the big questions about QSO's which I hope to understand by using numerical simulations as a guide in interpreting their spectra.
What controls the emission-line spectrum? Principal component analysis (PCA) reveals those parts of the spectrum that vary together (Boroson & Green 1992; Francis et al. 1992) . Eigenvector 1 is an indicator of the Eddington ratio L/L Edd , the luminosity relative to the Eddington limit, while Eigenvector 2 is sensitive to the accretion rate. A central question in QSO research is how changes in the macroscopic properties of the quasar are conveyed to the microphysics that produces the spectrum? What feedback process affects the spectrum? This question underlies the following more specific inquiries.
What is the iron abundance in QSOs? How does it depend on redshift? Stellar evolution theory predicts that the abundance of Fe should rise dramatically when the Universe reaches an age of ∼ 1 Gyr when Type Ia supernovae become possible. This sudden enhancement should be detectable, and to the extent that we know the lifespan of Type Ia precursors, it offers an independent means to date the onset of star formation (Hamann & Ferland 1999) . However, it has not yet been possible to use this "iron chronometer", in part because we don't know how to properly measure the Fe abundance in the setting of a QSO Broad-Line Region (BLR). In addition, it is observed that the intensities of optical Fe II lines relative to Hβ are sensitive to the Eddington ratio. The Fe + ion has long been an atomic physics "grand challenge", with a very complex spectrum emitted by many hundreds of levels, producing a blended pseudo-continuum across much of the UV and optical. Recent observations of quasars show that much emission originates in very high-lying levels, showing that crucial excitation processes, which I have identified, have been neglected. There have been recent substantial improvements in the atomic data for Fe II. The improved physics should bring predicted Fe II emission into far better agreement with observations, a needed first step in understanding why it is sensitive to the Eddington ratio, and calibrate the Fe chronometer.
What is the geometry of the infall? Infall must exist in order to drive the AGN phenomenon. There are correlations between line asymmetries and the Eddington ratio suggesting that the distribution of emitting clouds is asymmetric (Hu et al. 2008a,b) . Reverberation studies suggest that some clouds are falling towards the black hole (Bentz et al. 2009; Gaskell 2009 ). It seems likely that we observe emission from the shielded sides of clouds lying on the near side of the central regions (Ferland et al. 2009, hereafter F09) . Existing models have not considered such a geometry and Cloudy, the main theoretical tool developed in this project, was not optimized for this case. The spectral properties of clouds viewed from their shielded face are quite different from the total emission, as shown by F09. I am now working to enhance Cloudy so that it can autonomously predict shielded-face emission and then explore the properties of such clouds.
What is the relationship between mass infall rates and black hole properties? The fact that Fe II-emitting clouds are infalling (Hu et al. 2008a,b) , or, at a minimum, remain close to the black hole, sets a critical lower limit to their column density, N crit if gravity is to overcome outward radiation pressure (F09; Netzer 2009 ). N crit is proportional to the Eddington ratio L/L Edd , establishing a relationship between L/L Edd and the column density. These relations between L/L Edd and the column density suggest that the cloud column density plays a fundamental role in their spectral and kinematic properties. The Fe II/Hβ ratio also depends on the column density, establishing a link between L/L Edd and the primary spectroscopic signature of Eigenvector 1 (F09; Dong et al. 2009 ). What feedback between luminosity and cloud properties is expected, and what additional spectroscopic correlations are predicted?
The composition must play a role since the metallicity Z correlates with other properties (Hamann & Ferland 1999 ) such as the mass of the supermassive black hole. Metallicity affects the gas opacity. This, in turn, couples the critical column density N crit and the Eddington ratio. What role does gas metallicity play in driving correlations with cloud and spectral properties?
HOW TO ANSWER THESE QUESTIONS
There is now an exciting new round of discovery in the study of QSOs and AGN (Sulentic & Marziani 1999) . It is driven by the advent of massive spectroscopic surveys such as SDSS. These have revealed new correlations between observable properties, which in principal carry the heretofore-missing information about the detailed nature of the gas flows associated with the AGN process. We are now working our way through the next step, which is separating out physically meaningful correlations from ones that are just mathematical noise. A common approach has been to use the Principal Component Analysis (PCA) technique, but this tends to produce eigenvectors that in fact do not carry clear physical meaning. Our team is currently adapting and implementing a much more powerful technique called Independent Component Analysis (ICA). ICA promises to provide correlations between physical properties and the spectrum that have much more physical significance than those usually found with PCA.
We are developing and then applying the theoretical tools needed to investigate such correlations. This work is needed to connect the spectroscopic measurements back to the physical nature of the emitting gas, and then from there back to the overall nature of the AGN. Our first results with ICA, as well as results from older methods, are showing that previous analysis efforts have left out key physical processes, such as the emission physics of Fe II and other ions with complex energylevel structures, the effect of the beaming of emission lines by optically thick clouds, and the role that radiation pressure plays in the existence of clouds close to the black hole.
The capabilities of Cloudy
Cloudy, the spectral simulation I am using to carry out this work, is one of the more widely used theory codes in astrophysics. Over the past 30 years I have developed Cloudy into a publicly available tool with a very large user community. Roughly 200 papers now cite its documentation each year. The enhancements to the code that are now underway will go into future releases and benefit the large user community.
Cloudy was last reviewed in the regular literature by Ferland et al. (1998) , but it is described in copious detail in the constantly-updated manual Hazy which is part of the Cloudy download package. Cloudy now correctly predicts the spectrum emitted by astrophysical plasmas over a huge range of parameter space, and for this reason is used by investigators from all over the world in hundreds of published papers each year. The code is totally open source, available on the web at www.nublado.org, and collaborations are welcome.
The essential problem, which touches nearly all of astrophysical spectroscopy, is that the gas has too low density for thermodynamic properties to apply. Rather, quantities such as the ionization or chemical state, the internal level populations of atoms and molecules, and the observed spectrum, are set by a host of microphysical processes. These atomic and chemical processes introduce a complexity to theoretical spectroscopy that is not present in dynamics or gravitational problems. The graduate text Osterbrock & Ferland (2006;  hereafter AGN3) covers these processes in some detail.
Cloudy has been designed to solve these plasma, chemistry, radiation transport and dynamics problems simultaneously and self-consistently, building from the foundation of individual atomic and molecular processes. In this way it is an ab initio calculation of the gas properties and its spectrum. It correctly recovers all thermodynamic limits over an extremely wide range of gas and radiation density. This makes it suitable for application to a wide range of astronomical problems.
At its present stage of development, Cloudy can simulate the microphysics within regions ranging from the completely molecular to fully ionized limits, with temperatures between the CMB (2.7 K) and 10 10 K, and densities 10 −10 < n H < 10 20 cm −3 (see, for example, Ferland & Rees 1988) . It has been extended to include all conditions ranging from the cold and molecular to hot and ionized limits, temperatures from the CMB to 10 10 K, and densities from the low-density limit to LTE. A major effort has gone into a complete treatment of grain physics and its interactions with the gas (van Hoof et al. 2004 ). Cloudy can be applied to all regions of a quasar with no compromise on the atomic and molecular physics.
ANSWERING KEY QUESTIONS ABOUT THE NUCLEAR GALAXY ENVIRONMENT
I want to understand how the macroscopic properties of an AGN such as the Eddington ratio L/L Edd , the luminosity L, the accretion rate and the black hole mass and spin determine the observed spectrum. Once calibrated, it will be possible to use the spectral components revealed by the ICA to infer the events leading to the formation of massive structures in the high-redshift universe. The tightest correlation, the dominant signature of Eigenvector 1, is between L/L Edd , and Fe II/Hβ, and so this is what we investigate first.
Fe II emission and the Fe-chronometer
Fe II is both one of the strongest indicators of Eigenvector 1 and one of the most complex problems in atomic physics. Figures in AGN3 show simplified energy-level diagrams. The very highest levels can be reached by H I Lα pumping, a process that is expected to be important, while the lower levels produce the strong optical and UV bands.
The current Fe II model has 371 levels (up to 11.6 eV), predicts the intensities of 68 635 lines, and was done as part of Katya Verner's thesis (Verner et al. 1999) . That model was limited to the atomic data that existed when she did her work. Leighly et al. (2007, Figure 6) shows that emission from very high-lying levels that are not included in this model contributes to Fe II emission in quasars.
There has been a recent substantial expansion in the available atomic data (Aldenius & Johansson 2007; Bautista et al. 2004; Gurell et al. 2009; Hansen et al. 2007; Ramsbottom et al. 2005; Ramsbottom et al. 2007 ). The Kurucz website has an updated list of levels and transition probabilities. We are working with several groups of atomic physicists to incorporate their newly computed data into Cloudy. These references have enough new data to include nearly 10 4 levels and fully cover the missing transitions found by Leighly et al. (2007) . The direct Lα pump route will be included.
Including many more states will allow the highest levels to come into LTE with the Fe +2 continuum by the balance between collisional ionization and three-body recombination. These processes could not be included with the smaller model, and should increase the intensities of higher-level lines.
I believe that these two pieces of missing physics, fluorescent excitation and collisionally induced coupling to the continuum, will solve the Fe II-deficiency found by Leighly as well as the spectral problems that we discussed in Baldwin et al. (2004) . Fe II is commonly observed in some types of stars and protostellar disks, so these advances will have broad application.
The Eddington ratio: a critical column density for accretion
Quasars typically have an Eddington ratio of 10 −2 < L/L Edd < 1. The Eddington limit is the luminosity where the outward momentum in radiation just balances the inward pull of gravity for electron scattering alone. Gas producing optical and UV emission contains nuclei with bound electrons so the total opacity is typically 10 2 − 10 4 times larger than for just electron scattering (Castor 1974; Kippenhahn et al. 1974; Castor et al. 1975; F09) . Quasars are effectively superEddington. This poses an existence problem for both the virialized clouds that indicate black hole mass as well as infalling clouds. Optically thin gas would very quickly be radiatively accelerated away from the black hole.
Orbiting or infalling clouds can only be present if they have a large enough column density to be optically thick to the incident radiation field. Neutral material beyond the H + −H 0 ionization front then feels the inward pull of gravity with no corresponding outward radiative acceleration. There is a critical column density, N crit , given by the balance between the outward radiation momentum and the inward gravitational force resulting from the column density for neutral buoyancy and solar abundances (F09). Infall can occur when N(H) > N crit . This introduces a relationship between L/L Edd and the smallest column density that can survive (F09). The metallicity Z determines the total opacity of the gas, which is dominated by heavy-element lines and continua, so will also have an effect on the dynamics. This has the important consequence that the cloud geometry is a function of L/L Edd and L.
The basic picture is that clouds exist with a broad distribution of column densities, in addition to the distribution of densities and positions. At a given L/L Edd and L those clouds with N (H) < N crit will be blown away while only those with N (H) > N crit will remain near the central regions and emit. This "existence re-quirement" introduces a correlation between L/L Edd and crucial cloud properties. Is this the underlying physics that creates the feedback between L/L Edd and the spectrum? The ICA analysis will provide the crucial link between which part of the spectrum changes with L/L Edd .
Flow geometry and viewing angle
The luminosity vs. column density correlation has two consequences for infalling clouds. F09 showed the optical Fe II/Hβ ratio as a function of column density. Larger column densities, which must occur in the higher L/L Edd and L objects if the clouds are to remain in the inner regions, have larger Fe II/Hβ. This is in the direction to reproduce the Boroson (2002) interpretation of Eigenvector 1.
The second consequence, which follows from the fact that infalling emission is redshifted, is that we only see the near side of an otherwise symmetric geometry. We see predominantly the shielded sides of the outer clouds. Optical Fe II emission is isotropically beamed while the UV emission is strongly inwardly beamed (F09). This beaming is in the sense to solve a major problem in quasar cloud physics, i.e., the observed small ratio of UV to optical Fe II emission does not agree with simulations (Baldwin et al. 2004) . Until now, simulations have considered the total emission from the cloud. This may also explain why optical Fe II is a better tracer of Eigenvector 1 than the UV.
The gas metallicity Z as a driver in the flow properties
The opacity that allows sub-Eddington AGN to drive away optically thin gas is mainly produced by the heavy elements. This means that the critical column density for a cloud to remain near the central black hole depends on the metallicity Z. The critical density for an optically thin cloud to remain near the black hole depends on metallicity in the way shown in F09. This brings into play the environment of the inner regions of the host galaxy, which influences the metallicity Z. This also introduces additional dependencies that need to be investigated. For instance, the central regions of spirals tend to have lower Z and host radio quiet AGN while giant ellipticals have higher Z and tend to be radio loud. Does this account for the spectral differences between radio loud and quiet AGN?
CONCLUSIONS
At this time I can only speculate on the quantitative effects the processes discussed here will have upon predicted QSO spectra. Much remains to be done. For instance, the chemical-ionization effects discussed by Prof. Milan Dimitrijević in these proceedings should be very important in the BLR, but have not yet been adopted in any plasma code, to the best of my knowledge. This is a high priority for us. The ideas described here are new, must happen at some level, and are the types of relationships that we can quantify. The new large observational databases, and the proposed improvements to Cloudy, will bring together the needed ingredients for dramatic progress.
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